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TECHNICAL FIELD 

[0001] The present invention relates to rotatable media data storage devices, as for 

example optical or magnetic hard disk drive technology, and servo technology for rotatable 
media data storage devices. 

BACKGROUND 

[0002] A hard disk drive typically contains one or more disks clamped to a rotating 

spindle, at least one head for reading data from and/or writing data to the surfaces of each disk, 
and an actuator utilizing linear or rotary motion for positioning the head(s) over selected data 
tracks on the disk(s). A rotary actuator is a complex assembly that couples a slider on which a 
head is attached or integrally formed to a pivot point that allows the head to sweep across a 
surface of a rotating disk. A servo system uses positioning data read by the head from the disk 
to determine the position of the head on the disk. In common servo schemes, positioning data can 
be included in servo wedges, each comprising servo patterns. Servo wedges can be written to 
each disk using a media writer, prior to assembly of the hard disk drive. Alternatively, a reference 
surface of one disk can be used to write servo wedges on blanks disks substituted for media- 
written disks in an assembled hard disk drive. 
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[0003] The reference surface can include a template pattern containing information for 

writing servo patterns on the surfaces of the disks. The template pattern typically includes timing 
bursts, or pulses, defining information. Chevrons can be incorporated into template patterns to 
indicate radial positioning of the head. The maximum frequency of the template pattern can be 
constrained by a combination of factors, including the minimum available feature-size of the 
pattern elements, the angle of the chevrons and an orientation of the head at the inner diameter 
of the disk. A low frequency template pattern may introduce more written-in runout when writing 
servo patterns than a template pattern having a higher frequency. The performance of a hard disk 
drive maybe adversely affected by an increased amount of written-in runout contained in a servo 
pattern. 

BRIEF DESCRIPTION OF THE FIGURES 
[0004] Further details of embodiments of the present invention are explained with the 

help of the attached drawings in which: 

[0005] FIG. 1 is an exploded view of an exemplary hard disk drive for applying 

embodiments of the present invention; 

[0006] FIG. 2 is a partial detailed view of a disk from the hard disk drive shown in 

FIG. 1 having a final servo pattern; 

[0007] FIG. 3 is an illustration of a rotary actuator of the hard disk drive of FIG. 1 

positioned over a reference surface of a disk having a template pattern; 

[0008] FIG. 4 A illustrates a portion of a wedge from a template pattern not incorporating 

head skew; 
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[0009] FIG. 4B illustrates a portion of a wedge from a template pattern incorporating 

non-zero head skew; and 

[0010] FIG. 5 illustrates the portion of FIG. 4 A including a portion of a marker-zone in 

accordance with one embodiment of the present invention. 

DETAILED DESCRIPTION 
[0011] FIG. 1 is an exploded view of an exemplary hard disk drive 100 for applying a 

method in accordance with one embodiment of the present invention. The hard disk drive 100 
includes a housing 102 comprising a housing base 104 and a housing cover 106. The housing 
base 104 illustrated is a base casting, but in other embodiments a housing base 104 can comprise 
separate components assembled prior to, or during assembly of the hard disk drive 100. A disk 
120 is attached to a rotatable spindle motor 122, for example by clamping, and the spindle motor 
122 is connected with the housing base 104. The disk 120 can be made of a light aluminum alloy, 
ceramic/glass or other suitable substrate, with magnetizable material deposited on one or both 
sides of the disk. The magnetic layer has tiny domains of magnetization for storing data 
transferred through heads 146. In one embodiment, each head 146 is a magnetic transducer 
adapted to read data from and write data to the disk 120. The disk can be rotated at a constant or 
varying rate typically ranging from less than 3,600 to more than 15,000 RPM (speeds of 4,200 
and 5,400 RPM are common in hard disk drives designed for mobile devices such as laptop 
computers). The invention described herein is equally applicable to technologies using other 
media, as for example, optical media. Further, the invention described herein is equally 
applicable to devices having any number of disks attached to the hub of the spindle motor. In 
other embodiments, the head 146 includes a separate read element and write element. For 
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example, the separate read element can be a magneto-resistive head, also known as a MR head. 
It will be understood that multiple head 146 configurations can be used. 
[0012] A rotary actuator 130 is pivo tally mounted to the housing base 104 by a bearing 

132 and sweeps an arc between an inner diameter (ID) of the disk and a ramp 130 positioned near 
an outer diameter (OD) of the disk 108. Attached to the housing 104 are upper and lower magnet 
return plates 110 and at least one magnet that together form the stationary portion of a voice coil 
motor (VCM) 112. A voice coil 134 is mounted to the rotary actuator 130 and positioned in an 
air gap of the VCM 112. The rotary actuator 130 pivots about the bearing 132 when current is 
passed through the voice coil 134 and pivots in an opposite direction when the current is 
reversed, allowing for precise positioning of the head 146 along the radius of the disk 120. The 
VCM 1 12 is coupled with a servo system (not shown) that uses positioning data read by the head 
146 from the disk 120 to determine the position of the head 146 over tracks on the disk 120. The 
servo system determines an appropriate current to drive through the voice coil 134, and drives 
the current through the voice coil 134 using a current driver and associated circuitry (not shown). 
[0013] Each side of a disk 120 can have an associated head 146, and the heads 146 are 

collectively coupled to the rotary actuator 130 such that the heads 146 pivot in unison. The 
invention described herein is equally applicable to devices wherein the individual heads 
separately move some small distance relative to the actuator. This technology is referred to as 
dual-stage actuation (DSA). 

[0014] One type of servo system is a sectored, or embedded, servo system in which tracks 

on all disk surfaces contain small segments of servo data often referred to as servo wedges or 
servo sectors. Each track can contain an equal number of servo wedges, spaced relatively evenly 
around the circumference of the track. Hard disk drive designs have been proposed having 
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different numbers of servo wedges on different tracks, and such hard disk drive designs could 
also benefit from the invention contained herein. 

[0015] FIG. 2 shows a portion of a disk 120 having at least one servo wedge 262. Each 

servo wedge 262 includes information stored as regions of magnetization or other indicia, such 
as optical indicia. A servo wedge 262 can be longitudinally magnetized (for example, in the 
magnified portion of FIG. 2 a servo pattern 270 includes grey blocks magnetized to the left and 
white spaces magnetized to the right, or vice-versa) or alternatively perpendicularly magnetized 
(i.e. the grey blocks are magnetized up and the white spaces are magnetized down, or vice-versa). 
Servo patterns 270 contained in each servo wedge 262 are read by the head 146 as the surface 
of the spinning disk 120 passes under the head 146. The servo patterns 270 can include 
information identifying a data sector contained in a data field 264. For example, the servo pattern 
270 can include a servo address mark (SAM), track identification, etc. Further, information 
included in the servo patterns 270 can be used to generate a position error signal (PES) to correct 
off-track deviations. The magnified portion of FIG. 2 illustrates one track following scheme in 
which track following signals are recorded in bursts 268 arranged in four columns (labeled A- 
burst through D-burst) allowing for a quadrature PES. The radial density of servo bursts 268 as 
shown is greater than the radial density of data tracks by a factor of 1.5, however in other 
embodiments, the ratio of the radial densities of bursts 268 and data tracks can be greater or less 
than 1.5. For example, the radial density of bursts 268 can be the same as the radial density of 
data tracks. 

[0016] In the data track following scheme shown, centerlines 266 of data tracks are 

alternately defined by boundaries between bursts from columns A and B, and boundaries between 
bursts from columns C and D. If the head 146 remains centered over a target data track centerline 

Attorney Docket No.: PANA-01081US1 SRM/MLR 
/Mrobbins/pana/1 08 1 us 1/1 08 1 US 1 .app.wpd 

Express Mail No.: EV327621899US -5- 



266, a PES of zero is calculated and no change in position is required. As the path of the head 
146 deviates from the target data track centerline 266, a difference in the relative amplitudes of 
successive burst signals 268 is detected by a disk controller (not shown), a PES is calculated, and 
an appropriate actuation current is applied to the voice coil 134, causing the rotary actuator 130 
to reposition the head 146. The scheme described above is only one of many possible schemes 
for positioning the head. Hard disk drives using most (if not all) possible PES schemes could 
benefit from the invention contained herein. 

[0017] Servo patterns 270 can be written to the disks 120 using a media writer, prior to 

assembly of the hard disk drive 100. Stacks of disks 120 can be loaded onto the media writer and 
servo patterns 270 can be carefully written onto the surface of each disk 120, a time consuming 
and costly process. Alternatively, a commonly less time-consuming and less expensive method 
can include writing servo patterns or template patterns on a reference surface of a single blank 
disk to be used as a reference for self-servo writing unwritten (and written) surfaces of one or 
more disks 120 of an assembled hard disk drive 100. 

[0018] In one such self-servo writing method, called printed-media self-servo writing 

(PM-SSW), a coarse magnetic template pattern can be transferred to a single disk surface (a 
reference surface) by magnetic printing. A magnetic printing station can be used to magnetically 
print or otherwise transfer a template pattern using a known transfer technique. One such transfer 
technique is described in "Printed Media Technology for an Effective and Inexpensive Servo 
Track Writing of HDDs" by Ishida, et al. IEEE Transactions on Magnetics, Vol. 37, No. 4, July 
2001 . A blank disk (the reference surface) is DC erased along the circumferential direction of the 
disk by rotating a permanent magnet block on the disk surface. A template, or "master", disk is 
then aligned with the blank disk and the two disks are securely faced with each other by 
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evacuating the air between the two disk surfaces through a center hole in the blank disk. An 
external DC field is applied again in the same manner as in the DC erasing process, but with an 
opposite polarity. 

[0019] In an alternative transfer technique a unidirectional magnetic domain orientation 

is applied to the blank disk. A reticle or magnetic die having a template pattern is aligned with, 
and placed in close proximity with the blank disk, and the blank disk is heated to approach the 
Curie temperature of the magnetic layer on the reference surface of the blank disk. The reference 
surface of the blank disk is then selectively magnetized in accordance with the template pattern 
of the reticle or die by a reverse bias field. Where an optical reticle is used, intense local heating 
through reticle apertures may be obtained from a laser beam, for example. A number of different 
transfer techniques exist, and the examples provided are not intended to be exhaustive. One of 
ordinary skill in the art can appreciate the different methods for transferring a template pattern 
to a reference surface. 

[0020] FIG. 3 illustrates a reference surface having a magnetically printed template 

pattern 380 usable for PM-SSW. The template pattern 380 can be divided into a number of 
pattern wedges 360 equivalent to the number of servo wedges 262 intended for the final servo 
pattern 270, and printed such that the pattern wedges 360 trace an arc approximately matching 
the arcing sweep of the head 146 from the ID 324a to the OD 324b as described above. In other 
embodiments, the template pattern 380 can have fewer or more pattern wedges 360 than intended 
servo wedges 262. Further, the pattern wedges 360 need not be printed having arc. 
[0021] The template pattern 380 can comprise clocking and, optionally, radial position 

information. A completed and enclosed hard disk drive 100 can be assembled comprising at least 
one disk 120 having a reference surface, and optionally one or more blank disks. The template 
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pattern 380 can be used by the hard disk drive electronics to self-write highly resolved product 
embedded servo patterns 270 onto storage surfaces of each disk 120, including the reference 
surface having the template pattern 380. 

[0022] When a disk 120 having a reference surface is removed from a magnetic printing 

station and connected with a spindle 122, a shift typically occurs between the axis of rotation and 
the center of tracks of the template pattern 380. The shift is attributable to machining tolerances 
of the spindle and magnetic printing station, as well as other variables. The track followed by the 
head 146 can be displaced laterally in a sinusoidal fashion relative to the head 146 as the disk 120 
rotates. This sinusoidal displacement is typically referred to as eccentricity. Firmware executed 
by the hard disk drive 100 and the hard disk drive electronics enable the head 146 positioned over 
the reference surface to follow and read the template pattern 380 and enable each of the heads 
146 to write precise final servo patterns 270 on each of the respective surfaces of each disk 120. 
The hard disk drive 100 can compensate for eccentricity, writing tracks that are nominally 
concentric with the center of rotation of the spindle, or alternatively, having some built-in 
eccentricity as defined by the firmware, for example. A final servo pattern 270 can be written to 
the reference surface in any sequence, i.e. prior to, subsequent to, or contemporaneously with 
writing final servo patterns on some or all of the other surfaces. The final servo patterns can be 
written contemporaneously to reduce servo write times, and the final servo patterns 270 can be 
written between pattern wedges 360 of the template pattern 380. The template pattern 380 is 
overwritten either during the self-servo writing process or by user data. For example during hard 
disk drive 100 testing data is written to the data fields 264 and read back to test the data fields 
264. 
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[0023] Printing techniques can produce template patterns of relatively low frequency. A 

low frequency template pattern 380 can cause relatively high PES noise and a high SAM error- 
rate. High PES noise can introduce an unacceptable level of written-in runout when writing servo 
wedges 262. The low frequency template pattern 380 can result in part because of feature-size 
limitations of the lithographic process used to make a reticle or magnetic die, which currently 
limits features to a minimum lateral dimension of approximately 0.5 jam. However, the 
maximum frequency of the template pattern 380 is constrained by a combination of factors, and 
can be expressed by the equation 



ID J spin 

2A 



/max = T— ^-COS(0 5 + 0 C ) 



where A is the minimum feature size, f spin is the spin speed of the disk, R ID is the ED radius of the 
printed pattern, 0 C is chevron angle of the template pattern (where chevron angles are 
incorporated into the template pattern), and 9 S is head skew at the ID. The orientation of the head 
146 can have varying skew relative to a radial line from the center of the disk. Head skew results 
at least partially from the arc swept by the head 146 as it moves over the surface (as described 
above). 

[0024] FIG. 4A illustrates a template pattern 380 as shown in FIG. 3, including bursts 

("pulses") 484, and chevrons ("zig-bursts" 486 and "zag-bursts" 488), wherein the head skew is 
idealized to be zero. The pulses 484 include timing information for writing servo patterns, for 
example the pulses 484 can describe a crude SAM or an index mark. Chevrons 486,488 can be 
incorporated into the template pattern 380 to help identify radial positioning. A portion of the 
chevron, the chevron cycle, is converted into radial positioning information as the chevron passes 
beneath the head 146. Each chevron cycle provides only positioning information along the width 
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of the chevron cycle w c , and cannot communicate absolute radial position. Where the head skew 
is zero, both chevrons 486,488 equally limit the maximum allowed frequency because each 
chevron 486,488 is tilted by an equal amount relative to a radial line from the center of the disk 
120. However, most of the template pattern 380 is oriented or follows an arc to match the sweep 
of the head 146 across the surface. 

[0025] FIG. 4B illustrates a template pattern 380 wherein the pulses 484 and chevrons 

486,488 are tilted an amount equal to an angle formed between the head 146 and a radial line 
from the center of the disk 120 (the head skew, 9 S ). By incorporating head skew into the template 
pattern 380, the head 146 can be positioned parallel to transitions between domains of 
magnetization of the pulses 484, thereby maximizing signal amplitude. In a template pattern 380 
having zig-bursts 486 and zag-bursts 488 oriented as shown in FIGs. 4B, at the ID (where the 
head skew is non-zero) the zig-burst 486 can have more tilt relative to the radial line than the 
zag-burst 488. The difference in tilt between the zig-burst 486 and the zag-burst 488 is equivalent 
to twice the chevron angle. The minimum allowable effective bit-length of the zig-bursts 486 (i.e. 
twice circumferential extent of the domain of magnetization read by the head 146 as the disk 120 
passes beneath the head 146) is increased at the ID according to the following equation: 

A 

w . = 

zlg cos(o s + e c ) 

while the minimum allowable effective bit-length of the zag-bursts 488 is decreased according 
to the equation: 

_ A 

Wza *~ cos(o s -e c ) 
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The differences between the minimum allowable bit-lengths of these three portions translate into 
different minimum allowable cycle-times for the portions. Because it is desired to maintain a 
single signal frequency for the pulses, the zig-bursts, and the zag-bursts, the large effective cycle- 
time of the zig-bursts 486 limits the pattern frequency. 

[0026] In other embodiments of the template pattern 380, the zig-bursts 486 and zag- 

bursts 488 can be inverted such that the zig-bursts 486 incorporate a negative chevron angle 
relative to the radial line, and the zag-bursts 488 incorporate a positive chevron angle relative to 
the radial line (such that the bursts shown in FIG. 4A form upside down "V'"s). Where the 
template pattern 380 is inverted, the effective cycle-time of the zig-bursts 486 decreases at the 
ID as the angle of the zig-bursts 486 decreases by the head skew, while the effective cycle-time 
of the zag-bursts 488 increases at the ID as the angle of the zag-bursts 488 increases by the head 
skew. Thus, where the template pattern 380 is inverted, the pattern frequency is limited by the 
zag-bursts 488, rather than the zig-bursts 486 as described above. It is to be understood that 
embodiments of the invention described herein are equally applicable to different template 
patterns, for example where the zig-bursts 486 and zag-bursts 488 are inverted. Methods in 
accordance with the present invention should therefore be understood to apply to features 
limiting pattern frequency at the ID in a template pattern. 

[0027] PES noise is typically much larger at the OD than at the ID, particularly where a 

servo frequency is maintained as the head 146 sweeps across the radius of the disk 120 
(sometimes referred to as the stroke of the disk). The greater high-frequency content of the head 
signal at the OD (primarily due to the larger linear velocity of the media there) typically produces 
pulses with a lower fundamental signal level (that is, a smaller component of the signal at the 
fundamental harmonic frequency) and poorer signal quality. At the ID the pulses 484 and 
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chevrons 486,488 have less high-frequency signal content and hence are "cleaner", which gives 
a larger fundamental signal amplitude, resulting in lower PES noise. 

[0028] A method in accordance with one embodiment of the present invention comprises 

varying an amount of tilt incorporated into the zig-burst 486 portion of the template pattern 380 
across the stroke such that zig-bursts 486 at the OD incorporate more tilt than zig-bursts 486 at 
the ED, which can incorporate zero chevron angle, for example. Nominally, the zig-bursts 486 
incorporate chevron angle at the ID to maintain high gain (as described above). Eliminating the 
chevron angle component decreases the effective bit-length such that 

A 

eff cos(^) 

Thus, varying the angle incorporated into the zig-bursts 486 between the ID and OD such that 
the zig-bursts 486 incorporate head skew, but do not incorporate chevron angle at the ID can 
permit an increase in the maximum allowable pattern frequency according to the equation: 

^increase = [ C °^ &s \ 1]*100 

For example, if the head skew at the ID (0 S ) is 10 degrees and the chevron angle (9 C ) is 20 
degrees, varying the zig-bursts 486 can permit an increase in the maximum allowable pattern 
frequency of about 14%. 

[0029] Eliminating the chevron angle for the zig-bursts 486 of the template pattern 380 

shown in FIG. 4B at the ID can decrease the PES gain to approximately half of the nominal 
value at the ID (where the nominal value incorporates chevron angle). However, the PES noise 
is nominally lower at the ED than at the OD, and degradation can be acceptable. Because of the 
higher pattern frequency, PES noise degradation will be less than a factor of two at the ID, and 
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the PES noise at the OD will be lower, resulting in a reduction in maximum PES noise of the 
template pattern 380. Reducing PES noise can reduce written-in runout when writing servo 
wedges. As described above, for template patterns where the chevrons are inverted, zag-bursts 
488 at the ID incorporate head skew, but do not incorporate chevron angle, while zig bursts 486 
incorporate both head skew and chevron angle. 

[0030] Chevron angle can be incorporated into the zig-bursts 486 along the stroke, either 

gradually or abruptly. For example, where additional angle is continuously incorporated into the 
zig-bursts 486, the zig-bursts 486 can include the head skew at the ID across a portion of the 
stroke. The zig-bursts 486 can incorporate both the head skew and additional angle along the 
stroke as the circumference of the portion of the disk 120 passing under the head 146 increases. 
As the circumference increases, the physical size of the domain of magnetization of the pulses 
(the feature size) increases to maintain a constant pattern frequency. The zig-burst 486 can 
include a constant feature size with increasing zig-burst 486 angle such that the effective bit- 
length increases with increasing circumference to maintain a constant pattern frequency. If the 
zig-burst 486 feature size is the minimum feature size (i.e. not increasing) for a portion of the 
stroke, the maximum additional angle that can be incorporated into the zig-burst 486 without 
decreasing pattern frequency varies along the stroke according to the equation: 

^cos-'t^cos^)]-^ 

where 9 X is the additional angle incorporated at a location x along the stroke, and is a radial 
distance from the center of the disk 120 at a location x along the stroke. For example, where the 
radius at the ID is 14 mm and the maximum head skew at the ID is 10 degrees, at a location along 
the stroke 15.75 mm from the center of the disk 120, the zig-bursts 486 can incorporate an 
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additional angle of roughly 1 9 degrees for a total angle (head skew + additional angle) of roughly 
29 degrees. In one embodiment, additional angle can be gradually added until the additional 
angle is equivalent to the desired chevron angle. Once the chevron angle has been fully 
incorporated into the zig-bursts 486, the angle of the zig-bursts 486 can continue to vary with the 
head skew along the stroke, rather than according to the equation given above. 
[003 1 ] In an alternative embodiment, the zig-bursts 486 can abruptly incorporate chevron 

angle without decreasing pattern frequency at a minimum distance along the stroke according to 
the equation: 

R * - R/D C os(0 sx + e c ) 

where 9 SX is the head skew at a distance x from the center of the disk 120. The head skew 9 SX is 
a function of the location along the stroke (i.e. the radius of the disk 120 at a distance x from the 
center of the disk 120, RJ, and an additional equation is required to solve for the unknowns, 0 SX 
and R*. Roughly, in the example above with chevron angle of 20 degrees, maximum head skew 
of 10 degrees and ID radius of 14 mm, if 0 SX is about 8 degrees at 15.6 mm, the equation is 
satisfied. The chevron angle can be abruptly included in the zig-bursts 486 at least 15.6 mm from 
the center of the disk 120. 

[0032] In some embodiments, the template pattern 380 can incorporate pulses 484 as 

"zero-angle" bursts to substitute for zig-bursts 486 in measuring radial position. The zero-angle 
bursts are not used near the OD, and optionally are not used at the ID where the zig-bursts 486 
are equivalent to zero-angle bursts. The zero-angle bursts substitute for zig-bursts 486 in a region 
of transition where the zig-burst 486 angle is larger than the head skew, but not as large as the 
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chevron angle with head skew. In the previous example, where additional angle is incorporated 
gradually, zero-angle bursts 484 can be substituted for the zig-bursts 486 when the head travels 
along the stroke from the ID (14 mm from the center of the disk 120) until at least 1 5.6 mm from 
the center of the disk 120. 

[0033] To determine radial positioning along the entire stroke with an accuracy within 

a portion of a chevron cycle, a scheme is applied so that where zero-angle bursts 484 are 
substituted for zig-bursts 486, a particular formula or parameters for a formula is/are applied 
specific to the gross radial position of the head 146. The formula can be a simple proportional 
formula, for example, or multiple formulas and can be dependent on the chevron cycle count that 
the head 146 traverses. To precisely determine the chevron cycle count, the location of the head 
146 can be determined relative to a marker-zone written to a portion of the printed media pattern 
[0034] As shown in FIG. 4A and 4B, the pulses 484 can be multiple, and as shown 

include six pulses. In one embodiment, one or more of the pulses 484 can be used as a marker- 
zone for gross positioning of the head 146. For example, as shown in FIG. 5, the fourth 
transition-pair (or "di-bit") from left to right is written so that the di-bit abruptly disappears at 
some radius from the center of the disk 120. At a radius closer to the center of the disk 120, the 
di-bit can abruptly reappear so that the pulse 484 is continued. The interruption in the radial 
continuity of the magnetized pulse 484 can be any length. For example, in one embodiment the 
interruption can be 200 jim, while in other embodiments the switch in magnetization can occur 
once such that a single marker-zone edge can be encountered by the head 146 as in travels 
radially along the stroke. 

[0035] Signals detected by the head 146 at different radial positions along the stroke as 

the disk 120 passes beneath the head 146 overlay the pulses 484 as traces in FIG. 5. Where the 
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head 146 traverses all six pulses 484, for example the top portion of the pulses 484 as illustrated, 
the digital detection circuitry detects a digital bit (the digital bit is a combination of an up and a 
down). Where the head 146 traverses five of the pulses 484, for example along the bottom 
portion of the pulses 484 as illustrated, the digital circuitry detects a missing digital bit. Where 
the head 146 straddles a marker-zone edge, moving radially from the pulse 484 to the marker- 
zone 590 the probability of detecting the digital bit slowly decreases. Where the head 1 46 equally 
straddles the transition in the digital pattern, the digital bit is half-sized. 

[0036] Most commonly-used servo demodulation systems determine the digital content 

of a servo wedge signal by detecting either the presence or absence of filtered signal pulses at 
specified times or by detecting the value of the filtered signal at specified times. The filter can 
be a low-pass filter, a high-pass filter, or a combination of the two (i.e., a band-pass filter). The 
amplitude of the filtered signal can be calculated and compared to a threshold. The threshold can 
vary with an average amplitude of the filtered signal in the vicinity. The location along the stroke 
where the amplitude no longer exceeds the threshold can be used as a crude position signal 
indicating a marker-zone edge. A radial position of the head 146 can be known within a distance 
the size of the read width of the head 146 by detecting the marker-zone edge. The read width of 
the head 146 is much smaller than the width of the chevron cycle w c . For example, in one 
embodiment the width of the chevron cycle is 3 [im. The width of the read head 146 is a small 
fraction of a micron. Therefore, the chevrons can provide fractional positioning of the head 146 
relative to the gross positioning provided-by the marker-zone edge. 

[0037] A chevron cycle located at the same radial position as the marker-zone edge can 

have a designated cycle count so that the head 146 can determine radial positioning along the 
stroke by the cycle count of the chevron over which the head 146 passes. For example, where the 
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designated cycle count is 1000, the head 146 can locate the marker-zone edge when the position 
of the head 146 is lost, and the radial position will be known to be chevron cycle count 1000 
(plus a fractional cycle count based on whatever fractional position is measured from the actual 
chevron angle). 

[0038] Use of this scheme can present a problem if the location of the marker-zone edge 

nearly coincides with an exact integer chevron cycle count. If one of the chevrons (either the zig- 
burst 486 or the zag-burst 488) has a phase of very nearly zero degrees at the edge of the marker- 
zone 590, then it can be difficult to decide whether to set the integer portion of the chevron cycle 
count to the designated cycle count or one count less than the designated cycle count. Using the 
example discussed above, the designated cycle count for the zig-burst 486 at the marker-zone 590 
edge is 1000, while the corresponding designated cycle count for the zag-burst 488 is -1000. If 
the measured phase of the zig-burst 486 at the marker-zone 590 edge is very near zero degrees, 
for the servo wedge at which the chevron cycle counts are altered to account for the known 
location of the head 146, where the measured phase of the fractional cycle count is slightly more 
than zero degrees (i.e., a small positive phase) the integer portion of the zig-burst 486 cycle count 
can be set to 1000, while where the measured phase of the fractional cycle count is slightly less 
than 360 degrees (i.e., a small negative phase) the integer portion of the zig-burst 486 cycle count 
can be set to 999. Thus, a phase of a fractional cycle count near zero degrees (but slightly greater) 
will result in a total zig-burst 486 cycle count that is slightly greater than 1000, while a phase of 
a fractional cycle count near to 360 degrees (but slightly less) will result in a total zig-burst 486 
cycle count that is slightly less than 1000. The same reasoning can be applied to determine the 
integer portion of the zag-burst 488 cycle count at the time that both the zig-burst 486 and zag- 
burst 488 cycle counts are altered to account for the known location of the head 146. 
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[0039] A method in accordance with one embodiment of the present invention can 

include determining fine position along a stroke by detecting a marker-zone edge and measuring 
the phase of the zig-bursts 486 and/or zag-bursts 488 succeeding the marker-zone edge. A set of 
criteria can be applied for determining chevron cycle count. For example, where the phase of the 
zig-bursts 486 is within the range of 0-269.9999 degrees, the chevron cycle count can be 
determined to be the designated cycle count and the fractional measurement (i.e., the phase as 
a fraction of 360 degrees), else the chevron cycle count can be determined to be the designated 
cycle count and the fractional measurement less one count. Thus, in the above example, where 
the phase is 240 degrees, the chevron cycle count is 1000.6667, and where the phase is 300 
degrees, the chevron cycle count is 999.8333. [0040] In another embodiment, a 

two-step analysis can be applied to determine fine position along the stroke by detecting a 
marker-zone edge and measuring the average phase of the zig-bursts 486 and/or zag-bursts 488 
succeeding the marker-zone edge from one or more servo wedges and determining the proximity 
of the marker-zone edge to an exact integer chevron cycle count. For example, where the average 
phase of the zig-bursts 486 is less than 90 degrees or greater than 270 degrees, the true phase can 
be determined to be located in a "near wrap-around" zone, while where the average phase of the 
zig-bursts 486 is within a range of 90 to 270 degrees, the true phase can be determined to be in 
a "safe" zone. The second step of the analysis differs, depending upon whether or not the true 
phase is determined to be in the near wrap-around zone. For either case, the phase of a single 
burst (from a wedge that is designated to be the wedge at which the cycle count of both chevrons 
is adjusted) is measured. For the case of a burst having an average phase determined to be in a 
"near wrap-around" zone, if the phase is within the range of 0 up to 180 degrees, the chevron 
cycle count is determined to be the designated cycle count and the fractional measurement. If the 
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phase is within the range of 1 80 up to 360 degrees, the chevron cycle count is determined to be 
the designated cycle count and the fractional measurement less one count. For the case of a burst 
who's average phase was determined to be in a "safe" zone, the chevron cycle count is always 
determined to be the designated cycle count at the designated wedge. For example, where the 
average phase of the zig-bursts 486 from one or more servo wedges is measured as 1 10 degrees 
and the phase of the burst at the designated wedge is 120 degrees, the chevron cycle count of the 
burst at that wedge is 1000.3333, while where the average phase of the zig-bursts 486 from one 
or more servo wedges is measured as 288 degrees, and the phase of zig-bursts 486 from the 
designated servo wedge is measured as 200 degrees, the chevron cycle count is 999.5555. Any 
number of different schemes having any number of analysis steps and criteria can be applied to 
determine the chevron cycle count at the marker-zone edge. One of ordinary skill in the art can 
appreciate the myriad different ways in which the chevron cycle count can be determined. 
[0041] The marker-zone 590 can be positioned anywhere along the stroke. In one 

embodiment, the marker-zone 590 can be positioned centrally along the stroke, bisecting the 
stroke and minimizing the maximum distance from any location on the disk to the marker-zone 
590, thereby improving nominal recovery time where the head 146 slips chevron cycles. In the 
above example, the marker-zone 590 define the radial position of chevron cycle 1000. A table 
of parameters, or a table of formulas for calculating radial position can be applied to account for 
the substitution of zero-angle bursts 484 for zig-bursts 486. If the zero-angle bursts 484 begin at 
chevron cycle count 7500 and continue until chevron cycle count 9000, a formula determining 
the fine radial positioning of the head 146 can rely on measurements of zag-bursts 488 only. 
[0042] Alternatively, the marker-zone 590 can be positioned near the ID at a transition 

between the use of zero-angle bursts and zig-bursts. In the example given above, where the ID 
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is 14 mm, zig-bursts 486 can be incorporated into the printed template pattern 380 at 1 5.75 mm 
from the center of the disk 120. In other embodiments, the marker-zone 590 can be sized such 
that an outer marker-zone edge identifies the radial position of a predefined chevron cycle count, 
and an inner marker-zone edge identifies a portion of the template pattern 380 having zero-angle 
bursts 484 in substitution of zig-bursts 486. In still other embodiments, multiple pulses 484 can 
include one or more marker-zones 590 such that at least one pulse 484 can define a chevron cycle 
count and at least one pulse can identify a portion of the template pattern 380 having zero-angle 
bursts 484 in substitution of zig-burst 486. 

[0043] In an alternative embodiment of a method in accordance with the present 

invention, zig-bursts 486 can incorporate chevron angle at the ID, but not incorporate head skew 

angle. Varying the angle incorporated into the zig-bursts 486 between the ID and OD such that 

the zig-bursts 486 incorporate chevron angle, but do not incorporate head skew at the ED can 

permit an increase in the maximum allowable pattern frequency according to the equation: 

cos(6L) 

%increase = 1 

cos(0 5 + 0 C ) 

For example, if the head skew at the ID (0 S ) is 10 degrees and the chevron angle (0 C ) is 30 
degrees, varying the zig-bursts 486 can permit an increase in the maximum allowable pattern 
frequency of 13%. For template patterns where the chevrons are inverted, the zag-burst 488 angle 
incorporates chevron angle while not incorporating head skew. 

[0044] As described with regard to incorporating chevron angle along the stroke, head 

skew can be incorporated into the zig-bursts 486 along the stroke either gradually or abruptly, 
however with the expression R ID cos(0 c ) substituted for the numerator R ID cos(0 s ) in either equation 
given above. Further, as described above, the template pattern 380 can incorporate pulses 484 
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as "zero-angle" bursts to substitute for zig-bursts 486 in measuring radial position. One of 
ordinary skill in the art can appreciate the different strategies and methods for balancing and 
optimizing gain at the OD attributable to higher frequency with a reduction of gain at the ID 
attributable to reduced or eliminated zig-bursts 486. 

[0045] The foregoing description of preferred embodiments of the present invention has 

been provided for the purposes of illustration and description. It is not intended to be exhaustive 
or to limit the invention to the precise forms disclosed. Many modifications and variations will 
be apparent to one of ordinary skill in the relevant arts. The embodiments were chosen and 
described in order to best explain the principles of the invention and its practical application, 
thereby enabling others skilled in the art to understand the invention for various embodiments 
and with various modifications that are suited to the particular use contemplated. It is intended 
that the scope of the invention be defined by the claims and their equivalence. 
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